M
acrophages populate most tissues of the body. They perform many important functions that are required to maintain tissue homeostasis and fight infection, including the uptake and degradation of dead cells, debris, and foreign invaders. Macrophage ontogeny has been debated since the late 1960s when van Furth and Cohn 1 postulated that macrophages are derived exclusively from bone marrow monocytes. However, the use of sophisticated in vivo fate-mapping approaches has recently shown that many tissue macrophages arise during embryogenesis in the yolk sac and fetal liver before the onset of definitive hematopoiesis. [2] [3] [4] [5] Two distinct developmental programs have been identified: early yolk sac-derived erythromyeloid progenitors that give rise to macrophages without monocyte intermediates and fetal liver monocytes that are derived from late c-Myb + erythromyeloid progenitors generated in the yolk sac. In some circumstances, bone marrow-derived monocytes are also capable of colonizing developing tissues, especially during the perinatal period. [6] [7] [8] [9] The contributions of early and late erythromyeloid progenitors and hematopoietic stem cells to macrophage development vary considerably across different tissues. 10 
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In this issue of Circulation Research, Leid et al 11 define macrophage ontogeny in the developing heart. At least 2 distinct populations of embryonic heart macrophages are identified based on the cell surface expression of the C-C chemokine receptor type 2 (CCR2), which encodes the receptor for monocyte chemoattractant protein-1. The authors previously demonstrated that CCR2 expression distinguished cardiac macrophages of adult monocyte versus embryonic origin. 12 In the current study, genetic lineage tagging experiments using Csf1r
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Tomato mice administered tamoxifen at E7.5 (the approximate timing of yolk sac hematopoiesis) confirmed that primitive embryonic CCR2 − heart macrophages are derived from the yolk sac. Complementary approaches using Rag1
Cre and Flt3 Cre mice further demonstrated that embryonic CCR2 + macrophages arise from lymphomyeloid progenitors 13 and to a greater extent definitive hematopoiesis ( Figure) . Microarray gene expression profiling of CCR2 − and CCR2 + macrophage populations supported these conclusions. Functional heterogeneity among macrophages is due, in part, to differences in the tissue microenvironment. Intestinal macrophages control gastrointestinal motility.
14 Microglial cells organize normal brain development through pruning of neurons. 15 Adipose tissue macrophages sustain adaptive thermogenesis 16 and orchestrate the development of beige fat.
17
CD169 + macrophages in the bone marrow hematopoietic stem cell niche promote erythropoiesis during homeostasis and stress. 18 Knowledge of the specific tissue factors that shape macrophage function is emerging, and tissue-directed epigenetic modification is one mechanism by which the environment influences macrophage identity. 19, 20 The existence of various macrophage progenitors in cardiovascular tissues suggests that, in addition to environmental factors, macrophage origin influences function. In a genetic model of neonatal cardiomyocyte ablation, Lavine et al 21 previously showed that embryonic macrophages expand and promote cardiac recovery through angiogenesis and cardiomyocyte proliferation. In contrast, monocyte-derived macrophages recruited to the heart during injury were inflammatory and lacked the same capacity for tissue repair. Consistent with these observations, inhibition of monocyte recruitment after cardiac injury in adult mice preserved the embryonic macrophage population and improved tissue repair. CCR2 + monocyte-derived macrophages have also been shown to preferentially coordinate angiotensin II-induced inflammation in the adult heart. 12 In the large arteries, macrophages arise embryonically from CX3CR1 + early and late erythromyeloid progenitors and postnatally from circulating monocytes that colonize the adventitia immediately after birth. 9 During polymicrobial sepsis, recruited monocytes transiently replaced the resident adventitial macrophage population. Importantly, accumulating monocyte-derived macrophages showed a greater in vivo capacity to phagocytose bacteria than their resident counterparts, indicating functional differences between the 2 macrophage populations. An emerging paradigm asserts that in the adult cardiovascular system, embryonic macrophages maintain tissue homeostasis and participate in repairing injured tissue, whereas monocyte-derived macrophages are inherently inflammatory. The role of macrophage ontogeny during normal tissue development, however, is under appreciated.
In this issue of Circulation Research, Leid et al 11 show that CCR2 − and CCR2 + macrophages occupy distinct locations within the developing heart. Primitive CCR2 − yolk sac macrophages colonize the myocardial wall and associate with coronary vasculature, whereas CCR2 + macrophages associate with trabecular projections of the endocardium. To determine whether CCR2
− and CCR2 + macrophages function differently, heart development was studied in Csf1 −/− mice
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that lack macrophage colony-stimulating factor, a growth factor critically involved in maintaining most tissue macrophage populations. Compared with control animals, abnormal coronary artery branching was observed in neonatal hearts of Csf1 −/− mice, consistent with previous studies demonstrating a role for embryonic macrophages in vascular growth. 22, 23 CCR2-deficient animals, which are specifically depleted of CCR2 + macrophages, displayed similar coronary patterning to normal control animals, suggesting that monocyte-derived macrophages were not required for this process. Further analysis revealed that embryonic macrophages are preferentially associated with perfused coronary vasculature and induced endothelial cell proliferation (ie, proliferation of perfused endothelium was dramatically attenuated in Csf1 −/− mice). Interestingly, Csf1 −/− mice exhibited increased proliferation of nonperfused vasculature. The data firmly establish that primitive CCR2 − yolk sac macrophages play an important role in developmental coronary angiogenesis, either directly or indirectly regulating endothelial cell proliferation.
To understand more completely the mechanism by which yolk sac macrophages mediated developmental coronary remodeling, Leid et al 11 used microarray expression data to identify growth factors previously implicated in angiogenesis. Insulin-like growth factor 1 (IGF-1) and IGF-2 were among angiogenic factors expressed to a greater extent by CCR2 Which is the more important determinant in coronary development, macrophage ontogeny or the tissue microenvironment in which they reside? The experimental design used by Leid et al 11 did not allow this question to be addressed directly.
Although studies in CCR2
−/− mice demonstrated that CCR2 + macrophages were dispensable for normal coronary angiogenesis, macrophage colony-stimulating factor deficiency in mice is associated with near complete deletion of all macrophage populations, including circulating monocytes. Consequently, the effect of preferentially deleting primitive yolk sac macrophages on coronary angiogenesis was not assessed. Macrophage depletion studies have shown that in some cases, recruited monocytes can assume the phenotype and function, at least temporarily, of resident macrophage populations. 24 For example, yolk sac macrophages, fetal liver monocytes, and adult monocytes were equally capable of colonizing the empty alveolar macrophage niche in neonatal Csf2rb −/− mice. 24 After transplantation, alveolar macrophages generated from all 3 precursor populations exhibited virtually identical transcriptional profiles and were able to rescue recipient Csf2rb −/− mice from alveolar proteinosis for prolonged periods. Importantly, mature macrophages from liver, peritoneum, and colon were inefficient at becoming alveolar macrophages, suggesting that tissue imprinting at the precursor stage is more efficient than transdifferentiation of macrophages already adapted to other tissues. In contrast, the senior author of this study previously showed that inhibition of monocyte recruitment to the injured adult heart preserved embryonic macrophage populations, reduced inflammation, and augmented tissue repair. 21 At first glance, these results suggest a lack of macrophage plasticity in cardiovascular tissues; monocyte-derived cells were further shown to be inherently inflammatory and less capable of repairing tissue. However, it remains to be determined in vivo if after cardiac injury, recruited monocytes occupy similar niches as resident macrophages or permanently replace their embryonically derived counterparts.
Cardiac macrophages accumulate early in development from multiple sources. The work by Leid et al 11 reminds us that, in addition to maintaining homeostasis and orchestrating 
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